The cDNA of mouse pancreatic mRNA has been cloned. After the library was screened with a rat ribonuclease cDNA probe, the positive clones were isolated and sequenced. There were no differences from the previously determined protein sequence. The mRNA codes for a preribonuclease of 149 amino acid residues including a signal peptide of 25 amino acids. The 3' noncoding region has a length of 260 bp, and the total mRNA length is -940 bp. Comparison with the rat pancreatic ribonuclease sequence showed a high rate of nucleotide substitution. Within the coding region, nonsynonymous and synonymous substitution rates are 4.3 X 10 -9 and 15 X 10m9 nucleotide substitutions/site/year, respectively. The latter value is one of the highest rates observed in the molecular evolution of mammalian nuclear genes. In the signal sequences the synonymous substitution rate is much lower and about the same as the nonsynonymous rate. Signal sequences of other mouse and rat proteins also exhibit little difference between synonymous and nonsynonymous rates. The sequences of rat and mouse pancreatic ribonuclease messengers were compared with those of bovine pancreatic, seminal, and brain ribonuclease. While the 3' noncoding regions of rat and mouse are very similar, as are those of the three bovine messengers, there is no significant similarity between both rodent and the three bovine messengers for the greater part of these regions. There is a duplication of -50 nucleotides in the 3' noncoding region of the bovine messengers, with a region rich in A and C in between. The presence of this structural feature may be correlated with recent gene duplications that have occurred in the bovine genome.
Introduction
Pancreatic ribonucleases (E.C.3.1.27.5) form a group of homologous proteins found in considerable quantities in the pancreas of a number of mammalian taxa. Barnard ( 1969) suggested that this enzyme is used to digest ribonucleic acid from the microflora of the stomach, since it is found in large amounts in ruminants. The amount of ribonuclease is also high in species with ruminant-like digestion and in some species with cecal digestion (Barnard 1969; Beintema et al. 1973) . Some 40 pancreatic ribonuclease sequences have already been determined, and these have been used to construct evolutionary trees (Beintema et al. 1986) . From the comparison of these sequences, it became clear that ribonuclease is among the most rapidly evolving proteins ( Beintema et al. 1988b) , especially in rodents, where, in general, evolutionary rates of proteins and of DNA are assumed to be higher than those in other mammals .
Although ribonuclease has been studied extensively at the protein level, studies at the DNA level started relatively late. MacDonald et al. ( 1982) published the sequence of the mRNA coding for rat ribonuclease, which consists of 783 nucleotides and a poly (A) tail of -140 nucleotides. Since then, about two-thirds of the sequence of the mRNA of bovine seminal ribonuclease (Palmieri et al. 1985) and of the complete sequence of the gene of bovine pancreatic ribonuclease ) have been published. The sequence of an open reading frame of a bovine genomic clone (clone C) that shows cross-hybridization with a cDNA probe of bovine seminal ribonuclease Confalone et al., accepted; A. Carsana, personal communication) is in almost complete agreement with the amino acid sequence of bovine brain ribonuclease, recently sequenced by Watanabe et al. ( 1988) . The most parsimonious tree of ribonuclease derived from the protein sequences (Beintema et al. 1988b) indicates that mouse, rat, and bovine pancreatic ribonucleases are orthologous gene products. Bovine pancreatic, seminal, and brain ribonucleases are the products of gene duplications that have been positioned in the ancestor of the true ruminants after the divergence of the camels. This means that these bovine ribonucleases are paralogous gene products relative to each other but that each of them has an orthologous relationship to the rodent ribonucleases.
Here we present the cDNA sequence of mouse pancreatic ribonuclease. The sequence is compared with that of rat pancreatic ribonuclease and with those of three bovine ribonucleases, and evolutionary rates are calculated.
Material and Methods

Material
Klenow polymerase I, Kornberg polymerase, restriction enzymes PstI and EC&I, and deoxy-and dideoxynucleotides were from Boehringer (Mannheim, Federal Republic of Germany) ; reverse transcriptase was from Beard (Life Sciences, St. Petersburg, Fla.); dG-tailed pBR322 was obtained from Nenzymes (Dreieich, Federal Republic of Germany); terminal deoxynucleotidyl transferase (TdT ) and S 1 nuclease were from Anglian Biotechnology (Colchester, U.K.) ; nitrocellulose was from Millipore (Molsheim, France); a3*PdCTP was from Amersham (U.K.); and guanidium isothiocyanate was from Fluka (Buchs, Switzerland).
Isolation of RNA
Total RNA was isolated from the pancreas of mice by using the guanidine thiocyanate procedure of Chirgwin et al. ( 1979) . Polyadenylated RNA was isolated from total RNA by binding it once to oligo (dT) cellulose (Aviv and Leder 1972) .
To determine the length of the ribonuclease messenger, 10 pg mRNA was run on an agarose gel and was stained with acridine orange. After being blotted on nitrocellulose, the filters were hybridized with a nick-translated probe ( Rigby et al. 1977 ) . Hybridization was performed overnight in 0.45 M NaCl, 0.045 sodium citrate, pH 7.0 (3 X SSC), 0.2% Ficoll400,0.2% polyvinylpyrrolidone, 0.2% bovine serum albumin ( 10 X Denhardt 's solution), 0.1% sodium dodecyl sulfate (SDS), and 50 pg denatured salmon sperm DNA/ml at 65°C. The most stringent washing was done in 75 mM NaCl, 7.5 mM sodium citrate, pH 7.0 (0.5 X SSC) at 65°C for 15 min. The probe, which was also used for colony hybridization, was a 5 50-bp fragment of plasmid pCXP 6-105, which was a gift from Dr. R. J. MacDonald (University of Texas). This plasmid was transformed into E. coli HB 101 and, after isolation, was digested with EcoRI and PstI. The isolated fragment contained ribonuclease.
the whole coding region of rat pancreatic Preparation and Cloning of cDNA A lo-p.g sample of poly (A) + RNA was used to synthesize the first DNA strand according to the method of Maniatis et al. ( 1982) . After second-strand synthesis, the hairpin loop was removed by S 1 nuclease digestion ( 150 U/ml, 30 min at 37°C) and the cDNA was dC-tailed with TdT. After this cDNA was annealed to dG-tailed pBR322 and transformed into E. coli RR1 (Peacock et al. 198 1 ), some 2,000 tetracyclineresistant transformants were obtained. These clones were stored in microtiter dishes on 15% glycerol at -80°C.
Plasmid Analysis
Colonies were hybridized according to the method of Maniatis et al. ( 1982) . Plasmid DNA was prepared by the alkaline lysis method from 1-L cultures. Plasmids were further purified by equilibrium centrifugation in a cesium chloride/ethidium bromide gradient. After being recovered, they were digested with PstI and the fragments were separated on agarose gels ( l-2%). Fragments were recovered by electrophoresis or isotachophoresis (Ofverstedt et al. 1984) .
Nucleic Acid Sequencing
Sequencing was done by the Sanger method (Sanger et al. 1977) after cloning the fragments in M 13mp 8/9 or 1 S/ 19 and transfecting them to E. coli JM 101. We used the universal primer and three synthetic primers, which were synthesized on the Biosearch 8600 and the Sam-one DNA synthesizers by the P-cyanoethylphosphoramidite method. Double-stranded sequencing was done on some plasmids according to the method of Zagurski et al. ( 1985) . Plasmid DNA ( l-2 l_tg) was resuspended in 8 ~1 distilled water and was denatured with 2 pl 2 N NaOH at room temperature for 5 min; 7 ~1 primer (5 ng/pl) was added, and the mixture was precipitated with ethanol. After being washed with 70% ethanol and then being dried, the DNA was resuspended in 8 pl distilled water and was used for sequencing.
Results and Discussion
Mouse mRNA Sequence
To test the integrity of the isolated mouse pancreatic RNA and to determine the length of the ribonuclease messenger RNA, we made a Northern blot according to the method of McMaster and Carmichael ( 1977 ) . A quantity of 10 p,g poly (A)+ RNA each of mouse and rat was glyoxylated and run on an agarose gel. The length of the ribonuclease messenger turned out to be the same in both species. Since the length of the rat sequence is known to be 940 bp, we assumed the same length for the mouse sequence.
Screening of the library yielded six positive clones, which remained positive after a second screening under more stringent washing conditions (0.1 X SSC).
The sequencing scheme is given in figure 1 . Except for the last 20 bases, both strands have been sequenced completely. No nucleotide discrepancies either between the two strands or in the overlapping regions of the different clones were found. Figure 1 also shows the location and orientation of the three synthetic primers that were used. These primers were mainly used to circumvent the dG tails. The presence of these tails resulted in nonspecific stops during the sequencing reactions. Clone 11 H2 has been sequenced in the 3 ' + 5 ' direction on the double-stranded plasmid. Here as well, no differences with the M 13 sequencing in the other direction were found. Clones 5G5 and 7G8 contained only part of the sequence and long stretches of unknown sequences and had lengths of 900 and 2,000 nucleotides, respectively. After digestion with PstI, a hybridizing fragment was obtained from the two clones that runs from amino acid 114 to the poly( A) tail. The origin of the other fragments of the inserts is unknown. They were not sequenced, since they did not hybridize with the rat probe on Southern blotting.
The mRNA sequence of mouse pancreatic ribonuclease is shown in figure 2, which also shows the encoded amino acid sequence and the bases that differ in rat ribonuclease (MacDonald et al. 1982) . There is no difference between the derived amino acid sequence of mouse ribonuclease and the protein sequence determined earlier in our laboratory (Lenstra and Beintema 1979) .
Sequences and Evolutionary Rates of mRNAs of Ribonucleases
In figure 3 the mRNA sequences of the two rodent pancreatic ribonucleases are compared with those of bovine pancreatic and seminal ribonuclease. Numbers of persite differences between the sequences as aligned in this figure have been calculated for noncoding regions and for synonymous and nonsynonymous sites of coding regions separately (positions with deletions have been omitted). The numbers have been 2.-The sequence of mouse pancreatic ribonuclease mRNA. The amino acid sequence and the bases that differ in the rat ribonuclease sequence are also given. Dashes (---) denote deletions introduced into one of the two sequences to optimize the alignment. corrected for multiple substitutions at the same site by the use of Kimura's ( 1983) two-parameter method. The number of substitutions per synonymous site (KS) and the number of substitutions per nonsynonymous site (K,) have been calculated, according to the method of Li et al. ( 1985 ) , for the coding regions. Nucleotide substitution rates have been calculated by assuming divergence times of 90 Myr ago (Mya) for artiodactyls and rodents, 15 Mya for rat and mouse, and 40 Mya for the two bovine gene products ( Beintema et al. 19883 
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PIG. 3.-Comparison of the nucleotide and amino acid sequences of ox pancreatic ribonuclease (from genomic DNA; Carsana et al. 1988) , ox seminal ribonuclease (from cDNA; Palmieri et al. 1985 ; partial sequence), and mouse pancreatic ribonuclease and rat pancreatic ribonuclease (from cDNA; MacDonald et al. 1982 ). Only differences from the ox pancreatic sequences are shown. The amino acid sequences of ox and rat pancreatic ribonuclease are presented. Where mouse is identical to rat, symbols are on the line between these two sequences. Since in the 3' noncoding sequences there is no recognizable homology between both bovine and both rodent sequences, the larger parts of them have not been aligned and are presented separately for both pairs. A duplication in this region in both bovine sequences is enclosed in a block. AAUAAA = poly(A) recognition signal; x = not yet sequenced. The 5' noncoding part of the sequence has not yet been determined for either the messenger of bovine seminal ribonuclease or the first 15 nucleotides of the mouse sequence ( fig. 3) . Figure 4 shows that the evolutionary rates in this region are similar to those of the synonymous sites in the coding regions.
The only introns in the genes of pancreatic ribonucleases are located in the 5 ' noncoding regions. They occur at identical positions in the sequences of bovine ) and rat pancreatic ribonuclease ( W. F. Swain, personal communication). The AG/GY sequence at the splice junction and the 5' cap region are the most conserved parts of the 5' noncoding region.
Signal Peptide Region
The signal peptide of bovine pancreatic ribonuclease is one residue longer than those of both rodent ribonucleases. However, for optimal alignment deletions had to be introduced not only in both rodent sequences but also in the bovine one. In contrast to all other pancreatic enzymes, the signal peptide of ribonuclease is not encoded by a separate exon (Bell et al. 1984) .
In the signal peptide region, there are seven differences between rat and mouse ribonuclease. Five of these are nonsynonymous ones. Since almost all of them occur in the first codon position, the general hydrophobicity is conserved.
The KS and K, values for the ribonuclease signal peptide of mouse versus rat are equal, with the KS value being more than three times lower than that for the mature protein ( fig. 4) . During a survey of other signal peptides, we found that this phenomenon observed for ribonuclease is a general trend in rat/mouse comparisons. Table 1 shows that the average value of the KS/K, ratio for rat /mouse comparisons of 12 signal peptides is 1.6 f 0.8. KS and K, values of the whole proteins are also presented in table 1. As shown in figure 4 , the mature ribonuclease sequences exhibit KS values that are about three times higher than the K, values. A similar ratio is observed on comparison of the signal peptides of the rodent ribonucleases with that of bovine pancreatic ribonuclease. Likewise, KS/K, values for signal peptides of various proteins in a number of mammalian species showed an average of 3.4. The deviating KS/K, ratios in rat/mouse signal peptide comparisons are partly due to increased K, values. Signal peptides have a rather variable amino acid sequence, although there is a restricted use of amino acids at each position (Von Heijne 1985) . The allowed variation may explain the increase in K, values. It is, however, a general characteristic of all signal peptides and cannot explain the low KS/ Ka values in the rat/mouse comparisons. There is also a decrease in KS values. and demonstrated an increased evolutionary rate at synonymous sites in coding regions of proteins in rat and mouse. Lower KS values in signal peptides in these species mean that there is either no or less increase in evolutionary rates in these regions of proteins. This may be correlated with the observation by Bernardi et al. ( 1988) that there is a narrower compositional distribution of DNA fragments in rat and mouse compared with other mammalian genomes. This phenomenon may come to expression to different extents in signal peptides and mature protein sequences. However, it is possible that our observation-if correct-is the result of an interplay of several unrelated factors. Gurr et al. 1983 , Croyle and Maurer 1984 Chin et al. 1981 , Godine et al. 1982 Lomedico et al. 1979 , Wentworth et al. 1986 Seidman et al. 1984 , Yamanaka et al. 1984 Boguski et al. 1986 , Williams et al. 1986 Gray and Goeddel 1983 , Dijkema et al. 1985 Shaw et al. 1983 , Dijkema et al. 1984 Fung et al. 1984 , Cohen et al. 1986 Seki et al. 1985 MacDonald et al. 1982 , and present paper NOTE.-Numbers in parentheses are values for the whole proteins.
Mature Protein Region
Compared with all other known ribonucleases, rat ribonuclease has an N-terminal addition of three amino acids. Blackburn and Moore ( 1982) suggested that the cleavage site for the signal peptidase has been shifted by a mutational event. Rat ribonuclease has a signal peptide of 25 amino acid residues. MacDonald et al. ( 1982) reasoned that, if the cleavage site had been shifted, other ribonuclease signal peptides should have been 28 amino acids long. Since Haugen and Heath ( 1979) , on the basis of in vitro translation of mRNA, had reported a signal peptide 25 amino acids long in bovine pancreatic ribonuclease, MacDonald et al. ( 1982) concluded that insertion of a three-amino-acid coding sequence into the rat ribonuclease gene is more likely. This insertion is probably due to a duplication event, since the N-terminal extention GlyGlu-Ser is a near duplication of the next three amino acids, Arg-Glu-Ser. The nucleotide sequences of these tripeptides differ at only two of nine positions. Studies on the genomic DNA of bovine ribonuclease ) have shown that the sequence reported by Haugen and Heath ( 1979) is not correct. Nevertheless, the near identity of the signal peptides of the mouse and the rat sequences upholds the proposal 
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of MacDonald et al. ( 1982) that a duplication of nine nucleotides in the N-terminal region of rat ribonuclease occurred after the divergence of rat and mouse. Figure 4 shows an increase in evolutionary rate of ribonuclease in rat and mouse. We find rates of 15 X 1 0m9 synonymous substitutions/site/year and of 4.3 X 1 Od9 nonsynonymous substitutions/site/year in the coding region of the mature protein. If we compare the synonymous rate with the values for the 24 rat and mouse genes that compared, we see that pancreatic ribonuclease is among the most rapidly evolving genes, with a rate comparable to that of albumin and a-fetoprotein. The mean value of the proteins considered by is -8 X lop9 substitutions/ synonymous site /year.
These numbers are based on a divergence date of rat and mouse 15 Mya. Other investigators, however, use earlier (25 Mya; Minghetti et al. 1985; Sarich 1985) or later (9 Mya; Jaeger et al. 1986; Catzeflis et al. 1989 ) divergence dates. Adoption of either date will, of course, considerably decrease or increase, respectively, the rates presented above.
3' Noncoding Region
Most pancreatic ribonucleases have their C-terminal residues at position 124. Accordingly, the four sequences presented in figure 3 have a stop codon at position 125. However, a number of ribonucleases from four different mammalian orders have four additional residues with rather similar sequences at the C-terminus ( fig. 5 ). It is interesting that the four ribonuclease mRNAs code for similar sequences at positions 126-128 and possess a second stop codon at position 129. Evidently, this part of the
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FIG 5. -Additions at the C-terminus of pancreatic ribonucleases sequence has been rather well conserved during the evolution of the mammals, even when it formed part of the 3' noncoding sequence of the messenger. Approximately 20 nucleotide positions in the 3' noncoding sequences of the four messengers downstream from the second stop codon show few differences if an A (bovine pancreatic messenger) or a G (bovine semen messenger) is inserted between the U and A of the second stop codon, UAG, of the rodent messengers. The resulting codons-UAA and UGA-still are stop signals ( fig. 5 ) .
There is a pronounced similarity between the 3' noncoding sequences of both rodent messengers. Only a few insertions or deletions have to be introduced. Likewise, the 3' noncoding regions of both bovine messengers are very similar. These regions exhibit lower evolutionary rates than do the synonymous sites in the coding regions ( fig. 4) .
However, except for the first 30 nucleotides, a dot-matrix plot exhibited no significant similarity between the 3 ' noncoding regions of rodent and bovine messengers, except, of course, for the AAUAAA recognition site for the poly (A) addition near the 3' end. The length of the 3' noncoding regions in both rodent messengers is -260 nucleotides, while those of both bovine messengers are -320 nucleotides long. Most of the difference in length can be explained by a duplication of -50 nucleotides in the bovine messengers ( fig. 3 ). There is a region between both repeats that is rich in A and C and that is the region most dissimilar between the messengers of bovine pancreatic and seminal ribonucleases.
A similar structure has been encountered in the 3' noncoding region of the genomic clone of bovine brain ribonuclease (A. Carsana, personal communication ) . The nucleotide sequence of this ribonuclease is 87% identical to that of bovine pancreatic ribonuclease . It has, however, an extension of 16-17 amino acid residues at the C-terminus (Watanabe et al. 1988; A. Carsana, personal communication) . A stretch of -70 nucleotides, starting from the codon for the residue at position 122 and including the codons for the C-terminal extension, is very different from stretches of -100 nucleotides in the other two bovine ribonucleases in any reading frame. However, a short distance downstream from this deviating sequence, part of the first repeat observed in the two other bovine ribonuclease follows, continued by both a region rich in A and C and the complete second repeat.
Number of Closely Related Ribonucleases in the Mammalian Genome
An increasing number of homologous ribonucleases and proteins with other properties are being indentified in mammalian tissues and body fluids (Beintema et al. 19883) . However, only a limited number are sufficiently closely related to be identified by cross-hybridization. These are the so-called secretory ribonucleases (Beintema et al. 19883) . Confalone et al. ( 1987) demonstrated by hybridization with a bovine seminal ribonuclease probe that there are at least three closely related ribonuclease genes in the bovine genome. In mouse only one ribonuclease gene could be identified by Southern blotting (Elliot et al. 1986 ; R. Hofstra and C. Schiiller, unpublished observations). Clones hybridizing with rat pancreatic cDNA probes with clearly different restriction patterns were isolated from the rat genome (W. F. Swain, personal communication). This observation indicates the presence of a second cross-hybridizing ribonuclease gene in the rat genome. However, the presence of a second gene could not be confirmed by Southern blotting (W. F. Swain, personal communication).
No information on the number of ribonuclease genes in the genome of other mammalian species is yet available. However, it is known that, at the protein level, ribonucleases present in human pancreas, urine, semen, brain, and other tissues are structurally and immunologically identical (Weickmann and Glitz 1982; Morita et al. 1986; Beintema et al. 198%~) . From these data, one gets the impression that in most mammalian species only one or a few secretory ribonuclease genes come to expression while gene duplications in the bovine ancestor led to a number of expressed genes. A similar observation has been made on the number of lysozyme genes in different mammalian species. Generally, only one or a few lysozyme genes are found, but in ruminants as many as 8-10 genes have been demonstrated ( Irwin et al. 1989 ). Both ribonuclease and lysozyme have been recruited as digestive enzymes in ruminants, and gene duplications may have given rise to a more versatile system for both enzymes. The genomic structure of the 3' noncoding region of the three investigated bovine ribonucleases with a duplicated segment and a repeat rich in C and A in between may have been causative in generating these duplications in ribonucleases. This would explain the very dissimilar structures in the 3' noncoding regions of the mRNAs of rodent and bovine ribonucleases.
Sequence Availability
These sequences have been deposited in GenBank under accession number M27814.
